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Introduction
The marine inorganic carbon system (CO 2 , HCO − 3 , CO 2− 3 , and CaCO 3 ) is an essential component of the global carbon cycle and one of the most important buffer systems on the planet, controlling the acidity of seawater and the speciation of other weak acids and bases, as well as metals, in seawater (e.g., Byrne et al., 1988) . This buffering system not only affects the chemistry of seawater, but also impacts biological systems, especially photosynthetic and calcareous organisms, and the atmosphere through air-sea exchange. The oceanic dissolved inorganic carbon reservoir is 50 times larger than the atmospheric CO 2 reservoir (Raven and Falkowski, 1999) . Given the constant exchange of gases between the two reservoirs through the air-sea interface and the relative size of the CO 2 reservoirs, the oceanic reservoir ultimately controls the partial pressure of carbon dioxide in the atmosphere and thus plays a key role in regulating global temperatures. It is estimated that more than 30 % of the anthropogenic CO 2 emitted to the atmosphere since the onset of the Industrial Revolution in the mid-18th century has been absorbed by the ocean (Sabine et al., 2004) . Increasing interest in the effects of anthropogenic CO 2 in the atmosphere on the climate, the global carbon cycle, and ocean acidification has amplified the importance of high-quality time-series measurements of the marine inorganic carbon system, especially in regions like the Arctic, that are more sensitive and appear to respond faster to perturbations (Feely et al., 2009) .
Scientists at the Institute of Ocean Sciences (IOS; Fisheries and Oceans Canada) and collaborators have collected seawater samples for analyses pertaining to the marine inorganic carbon system in the Arctic since 1974. By the early 1990s, collaboration with the Canadian coast guard enabled more frequent cruises in the western Canadian Arctic. In the first decade of the 21st century, collaboration with other Canadian, US, and other international scientists, and the intensive efforts deployed during the International Polar Year greatly increased the spatial and temporal coverage.
We initiated this data recovery project in response to the needs of an assessment conducted by the Arctic Monitoring and Assessment Programme of Arctic Ocean acidification (AMAP, 2013) , that required the collation of a high-quality data set of all the available measurements of dissolved inorganic carbon and its associated parameters from the Arctic region. These data will also be included in the GLODAP2 data product compilation (Olsen et al., 2012) .
Data provenance
This data set is a compilation of over 30 years of Canadian subarctic and Arctic inorganic carbon data collected and measured by scientists at IOS. Most of the inorganic carbon data included in this data set have previously been neither publicly available nor included in the IOS data archives. These data cover much of the Canadian Arctic region ( Fig. 1) , though most of the stations lay within the Beaufort and Chukchi seas and the Canada Basin. Sampling efforts in this region have increased over time , and much of the data included in this data set originates from the year 2000 onward (Figs. 2d and 3) . The seasonal coverage of the data has also increased over time (Fig. 3) , though the majority of the data were collected in the summer months (July-September). The majority of the inorganic carbon system measurements included in this data set are for alkalinity (Fig. 4) , especially from 2005 onwards.
This data set originates from several projects conducted during the period 1974-2009 (Table 1) , including the Beaufort Sea Project (BSP, 1974 (BSP, -1975 , the Northern Oil and Gas Action Program (NOGAP, 1986 (NOGAP, -1992 (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , the Canadian Arctic Shelf Exchange Study (CASES, 2002 (CASES, -2004 ), Canada's Three Oceans (C3O, 2007-2009) , and the ongoing Canada-US-Japan collaboration Joint Ocean Ice Study (JOIS, 1997 (JOIS, -2013 . Table 2 for details on which parameters). 
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K. E. Giesbrecht et al.: Measurements of the dissolved inorganic carbon system in the Canadian Arctic 2.1 Beaufort Sea Project (1974) (1975) The BSP was initiated to improve our understanding of the Canadian Beaufort Shelf in the context of managing the exploration and potential development of offshore oil subsequent to Cabinet approval in principle for exploratory drilling in 1973. One component of the BSP provided chemical baseline data for the southern Beaufort Sea (Wong et al., 1976 Four samples collected from one station during a 1974 cruise were analyzed in 2001, while the remaining 233 viable samples were analyzed in 2013, nearly forty years after collection, using contemporary methods (Fig. 5) . A headspace correction (Dickson et al., 2007) was applied to the DIC measurements from the 1975 cruise as these samples had varying headspace volumes. To determine the headspace volume, samples were sorted into three classes according to a visual determination of the headspace, and a felt pen was used to mark the water level in the bottles prior to analysis. After analysis, headspace volume for each class was approximated as the mean of five gravimetric determinations of headspace volume for samples from each of the three classes. Though samples from these cruises were stored at IOS for nearly forty years, a test of IOS storage methods (see Sect. 3.2.1 below) indicated that the long-term storage of these samples had no effect on DIC or alkalinity.
Northern Oil and Gas Action Program, subproject
B.6 in the Canadian Beaufort Sea (1986) (1987) (1988) (1989) (1990) (1991) (1992) NOGAP was funded by Indian and Northern Affairs Canada and included a major interdisciplinary study of the oceanography of the Canadian Beaufort Sea (NOGAP B.6: Macdonald et al., 1988a-c; Pearson et al., 1994) . The main objective of NOGAP B.6 was to determine the transport and fate of materials (particularly petroleum hydrocarbons) on the Beaufort Shelf and the primary productivity of these coastal waters. Several summer cruises visited the Beaufort Sea over a period of six years. Samples were collected for physical (i.e., temperature and salinity), chemical (i.e., dissolved oxygen, nitrate, silicate, phosphate, δ 18 O, Ba (in 1992 (Falkner et al., 1994) , and inorganic carbon), and biological (i.e., chlorophyll, particulate organic carbon) parameters at over 60 stations. Most of the oceanographic data are included in the data reports cited above, although DIC was not. The DIC samples analyzed prior to 1988 were analyzed by gas chromatography (GC) (Fig. 5 ). All DIC samples analyzed after 1988 were analyzed by coulometry, either with a home-built extraction unit (1988) (1989) or with a SOMMA (single-operator multimetabolic analyzer) system (1989-present) (Johnson et al., 1993) . Pooled reproducibility values for these measurements are listed in Table 2 .
Western Arctic monitoring (1993-2000)
The NRCan PERD Climate program supplied funding for five cruises to the western Arctic aboard Canadian coast guard ships (CCGS) -the Henry Larsen in 1993 , the Louis S. St.-Laurent in 1995 (Carmack et al., 1996 (McLaughlin, 1996 , and the Sir Wilfred Laurier (2000 ( -20: Hardenberg, 2000 2000 -22: McLaughlin et al., 2009a in 2000. The Arctic Environmental Strategy (AES) Green Plan provided additional funding for the cruises in 1993 and 1995. One of the main objectives of these early cruises was to measure water properties in Canada's western Arctic Ocean to investigate the effects of climate change and contaminants in this region. Samples were collected at over 100 stations throughout the Beaufort, Chukchi, and East Siberian seas, the Canada Basin, and the Amundsen Gulf. The cruises in 2000 made up two legs of the annual transit of the CCGS Sir Wilfred Laurier from its southern port in Victoria, BC to the Arctic. The first leg was a collaboration between the Fisheries and Oceans Canada Ocean Climate Program (OCP), the Japan Marine Science and Technology Center (JAMSTEC), the University of Alaska Fairbanks (UAF), and the University of Tennessee (UTenn). The second leg was funded by PERD and focused on carbon sequestration using sediment traps in Amundsen Gulf. Parameters measured on all cruises from 1993 to 2000 include temperature, salinity, dissolved oxygen, nitrate, phosphate, silicate, and inorganic carbon. For the 1995 and 2000 cruises, the water column tracer δ 18 O was also measured. Most of the typical suite of oceanographic data is included in the data reports listed above, but measurements of the inorganic carbon system (DIC and alkalinity) were not. All DIC samples were analyzed at IOS using a SOMMA system (Fig. 5) (Johnson et al., 1993) . Alkalinity samples were analyzed at IOS from the same sample collected for DIC using a closed-cell, automated potentiometric titration system (Millero et al., 1993) . The precision of these methods for each cruise is listed in Table 2 .
Joint Ocean Ice Study (1997-ongoing)
JOIS is the amalgamation of two collaborations: one between Fisheries and Oceans Canada (IOS) and the Japan Agency Earth Syst. Sci. Data, 6, 91-104, 2014 www.earth-syst-sci-data.net/6/91/2014/ 
DIC Methods

Alkalinity Methods
Closed-Cell Potentiometric Titration (CC-PT)
Open-Cell PT Figure 5 . Timeline of the different methods used by IOS for DIC and alkalinity analyses. See Sect. 3.2 for details.
129 I) as well as biological samples ranging from microplankton to zooplankton. Over 1900 samples for DIC and 4000 samples for total alkalinity were collected and analyzed as part of the program. Samples for DIC were analyzed coulometrically using the SOMMA system at IOS (Fig. 5) . Samples for total alkalinity were analyzed by potentiometric titration (closed-cell before 1999 and open-cell thereafter, see Fig. 5 ) either onboard or at IOS. See Table 2 for a cruise-specific listing of the measurement precisions for each of these cruises. These data are available on the BGEP website and methods are described in the data reports (Table 1) . The BGEP collaboration is now funded to 2018.
Canadian Arctic Shelf Exchange Study (2002-2004)
CASES was a comprehensive, interdisciplinary ecosystem study of the Cape Bathurst Polynya, funded by Canada's Natural Sciences and Engineering Research Council, Fisheries and Oceans Canada, and the US National Science Foundation. The project included a short preliminary cruise in September and October of 2002, followed by a major overwintering expedition that continuously sampled the area for 50 weeks, from September 2003 to August 2004 (Fortier and Cochran, 2008) .
The inorganic carbon system was over-determined, with DIC, total alkalinity (A T ), and pH (total proton scale) analyzed on most of the nearly 1800 samples collected during the overwintering expedition. Dissolved inorganic carbon was determined coulometrically, total alkalinity by potentiometric titration, and pH spectrophotometrically; detailed sampling and analytical procedures were described by Mucci et al. (2010) . Table 2 lists the measurement precision for each of these methods.
Canada's Three Oceans (1998-present)
The aim of C3O was to provide a view of the impacts of climate variability on the sub-arctic and Arctic water circulation Over 200 samples for DIC and total alkalinity were collected and analyzed as part of the C3O program. Samples for DIC were analyzed coulometrically using the SOMMA system at IOS (Fig. 5) . Samples for total alkalinity were analyzed by potentiometric titration (closed-cell before 1999 and open-cell thereafter, see Fig. 5 ) at IOS. See Table 2 for a cruise-specific listing of the measurement precision for each of these methods.
Methods and quality control procedures
Physical, chemical and biological oceanographic measurements
Details on the collection and analysis of these parameters are presented with the associated data and technical reports for each project (Table 1) . Therefore, we only discuss measurements pertaining to the dissolved inorganic carbon system. Chemical measurements of dissolved oxygen, nitrate, phosphate, silicate, and δ 18 O are also included in this data set, but with no additional quality control, as these data have been previously assessed and archived. Biological measurements, such as chlorophyll and particulate organic carbon and nitrogen, were also included when available, though again, with no additional quality control.
3.2 Inorganic carbon system parameters 3.2.1 Sampling and sample storage Sampling generally followed standard protocols (i.e., DOE, 1994; Dickson et al., 2007) . Samples were stored at a stable temperature, generally about 4
• C, until analysis either at sea or on shore. Alkalinity and DIC were usually measured from the same sample. A dilution correction factor was applied to samples when a mercuric chloride solution was used (after 1994) . Little published information is available about the methods of inorganic carbon sample collection and storage for samples collected prior to 1993, though the data reports state that samples were collected. The sampling protocol used before DOE (1994) is transcribed in Appendix A. Sampling according to this protocol used powdered mercuric chloride, and so no correction for dilution was applied to samples collected prior to 1993.
To confirm the integrity of samples stored long-term at IOS, archived deep-water (1000-3000 m) samples collected at Station Papa (50
• N 145
• W) in 1976 were analyzed for DIC and alkalinity and compared to recently collected samples from the same depths at Station Papa (sampled between 2003 and 2010) ( Table 3) . Station Papa's data make up a long-running deep ocean time-series located in the subarctic northeastern Pacific, a region where deep-water (> 800 m) DIC and alkalinity are assumed to be virtually constant on decadal time scales (Byrne et al., 2010) . Thus, any differences between the deep-water DIC and alkalinity values measured in the samples that have been stored for several decades and more recent samples would indicate a bias or error resulting from the storage procedures. There were no significant differences (Student's t test) between the 1976 and more recent samples for both DIC and alkalinity. No systematic bias was observed between samples from these two time periods. These results confirm the viability of long-term storage in the refrigerated sample archive at IOS for seawater DIC and alkalinity samples, for up to forty years.
Dissolved inorganic carbon (DIC)
Samples collected for dissolved inorganic carbon analysis were not filtered prior to analysis; thus, measurements are of total inorganic carbon (TIC), which includes the particulate (PIC) and dissolved (DIC) fractions. Nevertheless, for all practical purposes, TIC is equivalent to DIC in seawater samples. Two different methods have been used to determine the dissolved inorganic carbon content of seawater samples at IOS: gas chromatography and coulometry. Unfortunately, there is little information regarding the analyses prior to 1992, especially those samples from the early NOGAP cruises (1986-71, 1987-70, and 1987-71) . The gas chromatographic method was used far less often than the coulometric method and appears to have been limited to samples from three Arctic cruises in the late 1980s. The coulometric method has been used by IOS to measure DIC samples since early 1988 and has been the only method used since early 1989. Figure 5 gives a timeline of the overlap of these different methods. Details of each of these methods are outlined below. In addition, a previously unpublished intercomparison study between these methods was conducted at IOS during the transition to the coulometric-based DIC measurements. The results of that comparison are reviewed below.
Samples collected on the early NOGAP cruises (1986-71, 1987-70 and 1987-71) were analyzed by gas chromatography. Little information is available regarding the analysis of these specific samples, but it is assumed that the method used was the same as that described in an operating procedure used at the time by the Centre for Ocean Climatic Chemistry at IOS, and that method is summarized here. The method was based on the technique described by Swinnerton et al. (1962) and Weiss and Craig (1973) . Briefly, the sample was drawn into a 3 mL stainless steel loop, and the calibrated volume was injected into a sparging cell containing concentrated phosphoric acid to quantitatively extract the inorganic carbon as CO 2 . The valve controlling sample introduction to the sparging chamber was flushed repeatedly with a CO 2 -free saline solution between samples to reduce carryover. The loop was temperature-controlled in an ice bath at 0 • C to maintain accurate volume and to limit degassing due to warming. The gas evolved from the sparging cell was carried by a stream of purified helium through a cold trap at −55 to −60
• C and through a silica gel column to separate CO 2 from H 2 O and other gases. Carbon dioxide was quantified with a thermal conductivity detector using peak area integration. Conversion to units of µmol kg −1 was based on density calculated from the sample salinity and an analysis temperature of 0
• C. The gas chromatograph was calibrated using a standard Na 2 CO 3 solution introduced through the same sampling loop.
The first coulometer was delivered at IOS in mid-1987. This instrument was attached to an in-house built extraction unit similar to that described by Johnson et al. (1985) . This early system was used for DIC analyses from early 1988 until late 1989 with standardization by solid CaCO 3 or Na 2 CO 3 salts, as described by Wong (1970) . After 1988, all DIC analyses were conducted coulometrically (Fig. 5) . Samples analyzed after late 1989 were analyzed with SOMMA systems (Johnson et al., 1993) . Over time, the accuracy of the coulometric DIC analyses was, at first, confirmed by analyses of weighed quantities of Na 2 CO 3 salts, then by daily analysis of seawater standards prepared at IOS and calibrated against Na 2 CO 3 salts, and ultimately by daily analyses of certified reference materials (CRMs) provided by Andrew Dickson (Scripps Institute of Oceanography) and IOS-prepared secondary standards calibrated against CRMs. The precision of the coulometric analyses, based on the difference between sample duplicates, has generally been about ±1 µmol kg −1 (0.05 %).
The Centre for Ocean Climate Chemistry at IOS conducted an intercalibration study between the gas chromatographic and coulometric methods in the late 1980s. Samples of varying salinities (8 to 38) were analyzed for their total CO 2 content using both gas chromatography and coulometry. Each system was standardized using Na 2 CO 3 salts, as described by Wong (1970) . Replicate analyses of the same samples revealed that the precision of the coulometric method (mean SD: 1.80 µmol kg −1 , n = 4) was slightly better than that of the gas chromatographic method (mean SD: 2.83 µmol kg −1 , n = 4). A comparison between DIC measurements by the two methods is shown in Fig. 6 . The average relative difference between these two methods was 0.3 %, equivalent to about ±6 µmol kg −1 for typical seawater DIC concentrations. This value is 2-3 times higher than the precision of either method, though still reasonably low, and is only a little larger than the recommended target (±4 µmol kg −1 ; Dickson et al., 2007) for between-cruise and between-laboratory bias of DIC coulometric measurements.
Total alkalinity
Samples for total alkalinity were analyzed, either onboard or at IOS, often using the same samples as those analyzed for DIC. Samples were stored at 4
• C and, unless analyzed within two days of collection, were poisoned with HgCl 2 . Total alkalinity (A T ) was determined by software-controlled potentiometric titrations using combination pH electrodes and dilute hydrochloric acid dispensed by automated burettes. Total alkalinity was determined up to 1999 following the closed-cell method described by Millero et al. (1993) , and using open-cell titrations after that date (Fig. 5) . Titration endpoints were determined using modified Gran plots (Hansson and Jagner, 1973) until 2008 , when a nonlinear least-squares end-point determination (e.g., Dickson et al., 2007) was implemented. The titration data for samples collected during the CASES cruises were analyzed with a proprietary algorithm specifically designed for shallow slope end-point detection from the titration curves (see Mucci et al., 2010) . Onboard, a constant volume of sample or standard was drawn for analysis using a calibrated, water-jacketed pipet, and the data were converted to units of µmol kg −1 using density calculated from the sample salinity and the analysis temperature. Onshore, samples or standards were weighed prior to analysis. Similar to the DIC coulometric method, daily analyses of certified reference materials (CRMs) provided by Andrew Dickson (Scripps Institute of Oceanography) and IOS-prepared secondary standards calibrated against CRMs were used to assure accuracy. Precision of the alkalinity analyses, based on pooled standard deviations of sample duplicates, has generally been ±2-5 µmol kg −1 . A rigorous crossover analysis of alkalinity data from the Pacific (PACIFICA data product, available through the Carbon Dioxide Information and Analysis Center, CDIAC) revealed that alkalinity analyses conducted by closed-cell titrations at IOS during the 1990s were often offset, and usually high, compared to results from other times and other laboratories. It is reasonable to assume that the alkalinity data from before 1999 in the data set reported here may suffer from the same limitations, as the same protocols were used for both data sets. A similar evaluation of this data set is difficult, because of variations in station distributions (Fig. 2b) and a lack of deep-water samples on many cruises. Nevertheless, a plot of the limited alkalinity data from 2500 m (which roughly coincides with a deep temperature minimum and is slightly deeper than the minimum depth used for secondary quality control crossover analysis in the GLODAP, CARINA and PACIFICA data products; e.g., Tanhua et al., 2010) central Canada Basin (Fig. 7) indicates that alkalinity measurements may have been high during the 1993 and 1995 cruises. More importantly, however, the alkalinity values at 2500 m show high variability, even after 2000, without any clear offset between individual cruises. Therefore, based on the information available at this time, we can neither rule out nor confidently confirm any analytical bias in the alkalinity measurements between cruises.
pH
The only direct pH measurements included in this data set were from the CASES cruise in [2003] [2004] . On this cruise, pH was determined spectrophotometrically on the total proton scale. Details of the sampling and analysis procedures are given by Mucci et al. (2010) , which we briefly summarize here. Samples were collected in 125 mL plastic bottles, leaving as small a headspace as possible. The samples were brought to thermal equilibrium in a constant temperature bath held at 25
• C, and analyzed within 3 h of collection. The colorimetric analysis was performed using a HewlettPackard ® (HP-8453A) UV-visible diode-array spectrophotometer and a 5 cm quartz cell. Measurements were carried out at the wavelengths of maximum absorbance for the protonated and deprotonated forms of the two indicators used: phenol red (433 and 558 nm) and m-cresol purple (434 and 578 nm). The accuracy of the method was assured using the same procedure to analyze TRIS buffers prepared at salinities of 25 and 35. Reproducibility of the pH measurements, based on pooled standard deviations of sample duplicates over the 11-month cruise, was better than 0.005 pH units.
Quality Control (QC) procedures
In primary quality control of the database, we paid particular attention to parameters required to calculate the dissolved inorganic carbon system in seawater (DIC, alkalinity, pH, temperature, salinity). The data were assessed to identify outliers and obvious errors. We have not addressed any issues with systematic biases between analyses or cruises 100 K. E. Giesbrecht et al.: Measurements of the dissolved inorganic carbon system in the Canadian Arctic (secondary QC). In order to identify outliers and errors in the inorganic carbon data, property-property plots were generated for small groupings of stations within a similar sampling area. When outliers or errors were identified, the suspect data point was flagged. In keeping with the flagging schemes of other global data products such as GLODAP (Global Ocean Data Analysis Project) and CARINA (Carbon Dioxide in the Atlantic Ocean), raw data were flagged following the WOCE (World Ocean Circulation Experiment) data flagging scheme. Specifically, integer values of 2 (good), 3 (questionable) and 4 (bad) were used to flag data in the final data set.
We generated DIC-salinity and alkalinity-salinity plots for all cruises. Measurements that were outliers, especially in both the DIC-S and alkalinity-S plots, were flagged as questionable (3) or bad (4), especially if there was a known problem with the sampling or analysis. In general, more variability was allowed for near-surface and upper thermocline values during the flagging process. Near-surface values were almost never flagged as questionable or bad unless there were very obvious errors or unrealistic values. For the most part, we retained the "good" flag (2) for any data points of borderline quality. Other supporting data included in the data set (such as temperature, salinity, oxygen, and dissolved nutrients) had previously undergone primary QC analysis (see Table 1 for references). Nevertheless, this did not necessarily mean the data were flagged, but rather that only the finalized, good quality data were archived. Thus, unless flagged, all of these previously quality-controlled data are assumed to be of good quality.
Summary
This paper describes the compilation of nearly four decades of dissolved inorganic carbon system measurements in the Canadian Arctic. This data set comprises more than four thousand discrete samples of DIC, alkalinity, and/or pH, and associated physical and biogeochemical parameters (e.g., temperature, salinity, O 2 , and silicate). Much of the inorganic carbon system data included here had not been previously published, quality checked, or archived prior to this compilation. These data are now available in a compiled form that can be used by the scientific community investigating the global carbon cycle and included in global data products, such as GLODAP.
Data access
The full database is published at http://cdiac.ornl.gov/ftp/ oceans/IOS_Arctic_Database/. Condensed metadata are contained in the header of the data file. The readme file contains a cruise number-to-EXPOCODE translation table.
